14-3-3 proteins interact with a novel phosphothreonine motif (YS"pTV) at the extreme Cterminal end of the plant plasma membrane H+-ATPase molecule. Phosphorylation-independent binding of 14-3-3 protein to the Y T V motif can be induced by the fungal phytotoxin fusicoccin.
Introduction
T h e mechanism by which 14-3-3 proteins bind to their targets has been studied extensively (for recent reviews, see [l-61) . In most cases, targets of 14-3-3 proteins contain an interacting epitope involving a phosphoserine [7, 8] . A common 14-3-3-binding motif of RSXpSXP (where p S is phosphoserine) interacts in the crystal structure with a conserved amphipathic groove in the 14-3-3 protein. However, epitopes distinct from the phosphoserine motif have been examined [9] .
14-3-3 proteins bind to several important plant enzymes. Among them is the nitrate reKey words: binding motif, fusicoccin.
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ductase involved in the assimilation of nitrate [10, 11] , the F,F,-ATP synthase [12] and the plasma membrane H+-ATPase important for generating the electrochemical gradient across the plasma membrane (for a review, see [13] ). T h e binding of 14-3-3 proteins to these enzymes can result in either activation or inactivation, dependent on the target enzyme. In the case of plasma membrane H+-ATPase, activation of proton pumping is the result of 14-3-3 binding. This observation has generated considerable interest since most of the secondary transporters in plant cells depend upon the activity of the H+-ATPase ~141.
A novel binding motif
By expressing the plant H+-ATPase in yeast, it has been possible to precisely identify the site of interaction between the 14-3-3 protein and the C-terminus of the H+-ATPase by the use of sitedirected mutagenesis [9, 15, 16] . This has demonstrated that the 14-3-3-binding motif is located in the extreme C-terminal end of the H+-ATPase protein and consists of Y946TV as the last three amino acids. T h e motif YTV is a novel binding motif sharing no homology with other identified 14-3-3-binding motifs [7, 8] . This observation was surprising since the groove in 14-3-3 proteins that accommodates phosphorylated peptides is extremely well conserved [2, 17] . Database searches reveal only one other protein, besides the plant plasma membrane H+-ATPases, that contains a YTV motif in the extreme C-terminal end of the protein, namely a plant flavonoid 3,s hydroxylase (gi: 1785488), which so far has not been identified as a 14-3-3 target. However, the very fact that new binding sites not resembling other 14-3-3-binding motifs can be found indicates that the number of 14-3-3-binding proteins in plants and animals might be much higher than previously thought.
Co-crystallization of 14-3-3 and its interacting peptides has demonstrated that a proline residue after the phosphorylated motif is import- 
Phosphorylation-dependent I 4-3-3 binding
In order for the 14-3-3 protein to bind to the H+-ATPase, phosphorylation of Thr947 (YpTV) 
Phosphorylation-independent I 4-3-3 binding
Fusicoccin (FC) is a fungal toxin that has been used widely to study regulation of the plant plasma membrane H+-ATPase. It has been known for a long time that FC activates the H+-ATPase [22] . When FC is added to the 14-3-3-H+-ATPase complex in vitro the interaction is stabilized and becomes almost irreversible. When 14-3-3 protein is allowed to interact with a peptide derived from the C-terminal end of plant H+-ATPase, addition of FC causes the dissociation constant ( K , ) of the complex to shift by an order of magnitude, as demonstrated by the use of surface plasmon resonance (SPR) spectroscopy (see Table 1 ) [9] .
2002 Biochemical Society

412
Interestingly, F C not only stabilizes the phosphorylated complex, but, in addition, overcomes the requirement for phosphorylation of Thrs4' in order for 14-3-3 to bind. This has been shown in 14-3-3-overlay assays using non-phosphorylated fusion proteins involving the H+-ATPase C-terminal hydrophilic domain ( x 100 residues) [9, 23, 24] . However, even in the presence of FC, peptides representing the last 16 amino acids of the C-terminus of an Arabidopsis plasma membrane H+-ATPase (AHA2) can only bind 14-3-3 protein when Thrsg7 is phosphorylated [9] . This indicates that specific residues or secondary structures located further upstream in the C-terminus of the H+-ATPase must be important for the nonphosphorylated FC-induced 14-3-3 binding.
A range of C-terminal/GST-fusion proteins were derived from Nicotiana plumbaginifolia H+-ATPase (PMA2), and tested in 14-3-3 overlay assays in the presence of FC. This study revealed that the last 37 amino acid residues are sufficient for phosphorylation-independent 14-3-3 binding
In this study, peptides corresponding to the last 34 amino acids of AHA2 have been synthesized. Threonine or phosphothreonine residues were introduced at the penultimate position. These peptides have been used for SPR proteinprotein interaction studies (Figure 1 ). Both the non-phosphorylated and the phosphorylated peptides bound 14-3-3 in an FC-stimulated manner (Figure 1) . T h e rates of 14-3-3 binding to the two H+-ATPase-derived peptides were different. The phosphorylated peptide exhibited the highest rate of association with 14-3-3 protein. Notably, the unphosphorylated H+-ATPase peptide bound 14-3-3 very weakly, even in the absence of FC ~241.
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( Figure 1A ). The addition of FC increased the binding of 14-3-3 significantly ( Figure 1B ). This implies that preformed low-affinity complexes between 14-3-3 protein and AHA2 create the basis for FC-dependent high-affinity complexes and this seems to be true for phosphorylated as well as unphosphorylated AHA2. The additional residues in the longer peptides (compared with the 16-residue peptides studied previously) do not resemble any previously defined 14-3-3-binding motifs. These data support the notion that the region in plasma membrane H'-ATPase responsible for the phosphorylation-independent interaction with 14-3-3 is spread over a relatively large part of the C-terminal domain, involving, in addition to the extreme end, several upstream residues [24] . An alternative hypothesis suggests that two separate and distinct sites for 14-3-3 binding may exist in the C-terminal domain of the H+-ATPase. This +Phosphory lation model can be discarded since following deletion of the C-terminal amino acids YSg6TV from the fulllength AHA2 H+-ATPase, binding of 14-3-3 protein was completely abolished, even in the presence of FC [9] . Therefore, phosphorylationindependent binding is dependent not only on upstream residues but also involves the YTV motif. Figure 2 summarizes some of the different H+-ATPase peptides used in the identification of the 14-3-3-binding site and the role of phosphorylation.
Phosphorylation-independent binding of 14-3-3 to other targets
A number of cases have been described in the literature where 14-3-3 proteins interact with a target in a phosphorylation-independent manner. Screening of a random peptide phage library Figure I 
FC stimulated 14-3-3 binding to 34-amino-acid peptides derived from the C-terminal end of AHA2
Peptides correspondlng to the last 34 amino acid residues of AHA2, with or without phosphorylation on the penultimate threonine, were immobilized to a Biacore streptavidin chip A total of 600 RU of unphosphorylated peptide was immobilized (A, B) . while 220 R U of the The revealed several non-phosphorylated peptides that bind 14-3-3 [25] . Some of these peptides resemble the prototype phosphoserine motif but without phosphorylation of the serine residue. T h e most frequently occurring peptide, R18, contains a W L D L E motif and was shown to compete with phosphorylated Raf peptide (pRaf) in order to bind 14-3-3 [25] . Furthermore, co-crystallization shows that R18 binds in the amphipathic groove Exoenzyme S (ExoS) from Pseudomonas aeruginosa binds 14-3-3 in a non-phosphorylated form [27, 28] . Interestingly, ExoS contains a motif homologous to the R18 peptide, F245GADAE, that may mediate an interaction similar to the one between 14-3-3 and R18, as suggested by Zhang et al. [29] . However, the site of interaction with the 14-3-3 protein was later located to the last 27 amino acid residues in the C-terminal of ExoS not containing this motif [28] . Mutational analysis of 14-3-3 proteins has demonstrated that ExoS selectively employs residues in the amphipathic binding groove in order to bind. Unlike phosphorylated ligands, ExoS does not require hydrophobic residues in the binding groove, but ExoS still uses the same charged residues as pRaf as contact sites [29-3 11.
Recently an additional non-phosphorylated 14-3-3-binding epitope, the guanine nucleotide exchange factor pl90RhoGEF, was identified [32] . T h e binding site was narrowed down to I'370QAIQNL and it was suggested that the polar [261.
and non-polar residues in the binding site may be instrumental in binding to the charged and uncharged surfaces in the amphipathic groove. Table 1 summarizes some of the identified 14-3-3 binding peptides and their binding affinity to 14-3-3 proteins. Notably non-phosphorylated and phosphorylated peptides bind with similar affinity. It remains to be tested whether F C has any effect on protein-protein interactions involving 14-3-3 protein other than the H+-ATPase-14-3-3 complex.
Structural role of FC in the I 4-3-3-H+-ATPase complex
In a search for the plant F C receptor, 14-3-3 proteins were identified as FC-binding proteins [33-351. However, it was soon realized that 14-3-3 protein alone is not able to bind FC, indicating the presence of a second component in the F C binding complex. After a direct interaction between the C-terminus of the H+-ATPase and the 14-3-3 proteins had been demonstrated [13, 36, 37] , it was found that the F C receptor is a complex between the C-terminal domain of H+-ATPase and 14-3-3 protein [38, 39] .
What is the function of F C in the 14-3-3-H+-ATPase complex? Several possibilities exist. F C is a strongly hydrophobic compound carrying no negative charges and therefore does not mimic phosphorylation by directly introducing a local negative charge. Alternatively, F C may change the conformation of the H+-ATPase polypeptide and
Figure 2
Summary of constructs used to identify an unusual 14-3-3-binding site at the extreme end of the plant plasma membrane H+-ATPase polypeptide
White bars indicate no 14-3-3 binding even in the presence of FC Grey bars indicate weak 14-3-3 binding Black ban indicate strong 14-3-3 binding P denotes phosphorylation of Thr947 AHA2 (full-length) and AHA2A3 (minus the last three amino acids) were produced following heterologous expression in yeast [9] H+-ATPase C-terminal fragments of different lengths were expressed as glutathione S-transferase (GST) fusion proteins in Eschenchro colr [9, 23, 24 ] AHA2 protein and GST-C-term proteins were used for the 14-3-3-overlay assay Pep-C, peptides representing the last I 6 or 34 amino acids ofthe H+-ATPase C-terminus The peptides were tested for 14-3-3 binding using SPR spectroscopy P indicates phosphorylation of Thr947 by doing so in some way compensate for phosphorylation of the penultimate threonine residue. Another possibility is that FC binds to the interface between both of the two protein components in the complex. This might explain why the simultaneous presence of 14-3-3 protein and H+-ATPase is required for FC binding. Crystallization of the 14-3-3-H+-ATPase complex in the presence and absence of FC will be of importance to fully understand the binding mechanism in this unusual 14-3-3-binding motif and the role of the FC molecule in the stabilization of the complex.
